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Abstract6

Low-salinity waterflooding is a relatively new method for improved oil recovery that has generated
much interest. It is generally believed that low-salinity brine alters the wettability of oil reser-
voir rocks towards a wetting state that is optimal for recovery. The mechanism(s) by which the
wettability alteration occurs is currently an unsettled issue. This paper reviews recent studies on
wettability alteration mechanisms that affect the interactions between the brine/oil and brine/rock
interfaces of thin brine films that wet the surface of reservoir rocks. Of these mechanisms, we pay
particular attention to double-layer expansion, which is closely tied to an increase in the thickness
and stability of the thin brine films. Our review examines studies on both sandstones and carbon-
ate rocks. We conclude that the thin-brine-film mechanisms provide a good qualitative, though
incomplete, picture of this very complicated problem. We give suggestions for future studies that
may help provide a more quantitative and complete understanding of low-salinity waterflooding.

1. Introduction7

Despite society’s best efforts toward developing renewable energy sources, more than 70% of the8

global energy consumption in the coming decades is expected to come from fossil fuels [1]. To meet9

this high demand, the petroleum research community has continually strived to develop innovative10

methods for improved oil recovery. One such method that has gained much attention in the past11

two decades is low-salinity waterflooding (LSW). The improved recovery from LSW is referred to12

in the literature as the low-salinity effect (LSE). LSW has attracted great interest partly because of13

its deceptively simple nature. As its name implies, LSW involves the injection of only low-salinity14

brine. No additional chemicals, which may be costly to the operation, are necessary to observe the15

LSE, although there have been recent efforts to couple LSW with polymer flooding [2]. Improved16

recovery has been observed for both secondary-mode LSW, which involves injection of brine into17

rock saturated with oil, and tertiary-mode LSW, which involves injection of low-salinity brine after18

the rock has already been flooded in secondary mode with brine of a different composition.19

Studies on LSW date back to at least the 1940s, although most of the modern work on this topic20

began in the 1990s [3, 4]. Since then, the number of papers on LSW has rapidly increased, especially21

in the past several years. Based on these studies, it is generally believed that LSE occurs because22

LSW alters the wettability of oil reservoir rocks towards a state more favorable to oil recovery [4, 5].23

Other processes, such as an increase in the elasticity of brine/oil interfaces that we discuss briefly in24

Section 4, may also contribute to the improved oil recovery from LSW, but wettability alteration is25

thought to be a major factor. To understand the wettability alteration, it is important to note that26

the pores of rock saturated with oil are wetted by a residual thin brine film, with oil occupying the27
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rest of the pores. Saturating rock with the oil may cause the rock to become more oil-wet through28

a variety of brine/oil/rock interactions [6]. LSW studies on sandstones conclude that a high oil29

recovery is observed in rocks that are weakly water-wet [3, 7]. LSW alters the wettability of the30

sandstones from an oil-wet state towards an optimum weakly water-wet state, thereby leading to31

an improved recovery. The LSW literature can be classified into studies on sandstones and studies32

on carbonates. This is a natural choice of division because the surface charge and the chemical33

reactivity of the two rock types, which consequently affect their wetting behavior, can be very34

different under the same reservoir conditions [8, 6], [9]∗. In fact, until the recent work of Yousef et35

al., LSE was not even observed in carbonates [10], [11]∗. Yousef et al. report that LSW alters the36

wettability towards more water-wet conditions, and the maximum tertiary-mode LSE is observed37

for rocks that are weakly water-wet. In summary, LSW in both sandstones and carbonates may38

alter the wettability towards an optimum state that lies in the weakly-wet region of the spectrum.39

A glaring question that remains is how does this alteration occur?40

The mechanism(s) by which the wettability alteration occurs is currently a major topic of41

debate in the LSW literature. Various mechanisms have been proposed, but none of them have42

definitively been shown to be the primary one [12]. This is due to the complex nature of the43

brine/oil/rock interactions, and is further complicated by a number of conflicting observations44

from experimental studies [4]. The low-salinity effect likely results from a combination of more45

than one mechanism. This review focuses on mechanisms which change the stability of thin brine46

films that wet the surface of oil reservoir rocks. We pay particular attention to the so-called47

double-layer expansion (DLE) [13], [14]∗∗, [15]∗. DLE is described by classical Derjaguin-Landau-48

Verwey-Overbeek (DLVO) theory. In DLE, injection of low-salinity brine increases the electrostatic49

repulsion between the film’s brine/oil and brine/rock interfaces via the expansion of two electrical50

double layers, one formed at each of the two interfaces. As a result, the film becomes thicker51

and more stable, resulting in a more water-wet rock. Our review also includes studies on chemical52

mechanisms in low-salinity brine which affect the non-DLVO interactions between the brine/oil and53

brine/rock interfaces. For example, wettability alteration may occur because of multicomponent54

ionic exchange (MIE) involving divalent cations near the clay surfaces of sandstones [16]∗. Crude55

oil forms organometallic complexes with divalent cations adsorbed on the clay surface. In LSW,56

MIE occurs so that the complexed cations are replaced with uncomplexed cations from the brine57

film, leading to release of the organometallic complexes and oil recovery.58

Section 2 discusses in detail recent (published 2009 or later) studies which show that DLE and59

the chemical mechanisms, which we refer to collectively as thin-brine-film mechanisms, can play an60

important role in low-salinity wettability alteration of sandstones. Section 3 discusses studies on61

thin-brine-film mechanisms in carbonates. We conclude with some closing remarks and suggestions62

for future studies in Section 4.63

2. Wettability alteration involving thin brine films on sandstones64

2.1. Chemical composition of sandstones65

Sandstones are primarily composed of quartz, which has the same chemical formula as silica66

(SiO2), but may also contain other minerals (e.g., feldspars, anhydrite, mica, calcite) as well as67

various clays (kaolinite, illite, chlorite, montmorillonite). The clays are particularly important for68

LSW because they are commonly found along the surfaces of the pores in which the oil and brine69

reside. Silica has an isoelectric point at a pH value of 2, and its surface becomes more negatively70
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charged as the pH increases above this value [8, 6]. Reservoir brines are typically at pH values above71

the isoelectric point. Clays are also negatively charged on their faces. As a result, sandstones are72

negatively charged along the surface of the pores. These negative charges play a central role in the73

wettability alteration mechanisms described in Section 2.2.74

2.2. Double-layer expansion (DLE) and two chemical mechanisms75

The wettability of the reservoir rock depicted in Figure 1 depends on the stability of the thin76

brine film that wets its surface. The stability of the film is influenced by interactions between77

its brine/oil and brine/rock interfaces. In sandstones, these interactions include: 1) electrostatic78

interactions between charged groups on the oil surface of the brine/oil interface and charges on the79

rock surface of the brine/rock interface; 2) hydrogen bonding between polar functional groups in80

the crude oil, such as those present in asphaltenes, and polar groups on the rock surface; 3) Lewis81

acid/base interactions between charged basic (e.g., NH+
4 ) groups on the oil surface and negatively-82

charged groups on the rock surface; 4) formation of organometallic complexes between charged83

acidic (e.g., COO−) on the oil surface and divalent cations (usually Ca2+ and Mg2+) adsorbed84

on the rock surface. The first interaction is described by classical DLVO theory, while the last85

three, which are depicted in Figure 1(b), can be thought of as non-DLVO interactions between the86

brine film’s two interfaces [17]∗, [16]∗, [18]∗∗. All of these interactions contribute to the disjoining87

pressure Π(h) in the film, a quantity that depends on its thickness h. The average thickness of the88

wetting brine films is thought to be less than 10 nm, and may be much smaller than that value [8, 19].89

Attractive interactions between the two interfaces produce negative contributions to Π that cause90

the film to collapse, decreasing h. Repulsive interactions produce positive contributions to Π that91

stabilize the film and increase h. Stable, thick brine films are indicative of a water-wet state.92

The LSW mechanisms described in this section either weaken attractive interactions or strengthen93

repulsive interactions, thereby resulting in a more stable, thicker brine film and a transition from94

an oil-wet state to a more water-wet state that results in improved oil recovery.95
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at pH>8. Zhou et al. (1999) hypothesize sorbed CaOH+ to link silica
and bitumen at high pH at 25 °C.

Low salinity waterflooding was simulated using PHREEQC to cal-
culate the concentration of attraction bridges between kaolinite
edges and oil from pH 4 to 8 in: 1. a high salinity, high Ca fluid (con-
nate), 2. a 50:50 mix of the connate with a low salinity, low Ca fluid
(injectate), and 3. a 5:95 mix of connate and injectate. Fig. 7 shows
concentration products for each case.

5. Discussion

The important point from Fig. 7 is that low salinity injection is cal-
culated to decrease electrostatic attraction between oil and kaolinite
edges and thereby increase waterflood oil recoveries — consistent
with observations (e.g. Collins et al., 2008a,b) from reservoirs.
Below pHb5.3, low salinity injection decreases the number of
[\NH+][>Al:Si\O−] and [\COOCa+][>Al:Si\O−] bridges. Above
pH 5.3, low salinity injection decreases [\COOCa+][>Al:Si\O−]
bridges.

The model results suggest that low salinity waterflooding should
enhance oil recovery even when few carboxylate sites exist at the
oil–water interface, by decreasing [>Al:Si\O−][+HN\] bridges.
This might explain the insensitivity of low salinity waterflooding ef-
fectiveness to oil acid number (carboxylate groups) noted by Lager
et al. (2006). When oil acid numbers are high, Ca2+ coordination to
carboxylate groups will be abundant, and the reduction in [>Al:
Si\O−][+CaOOC\] attractive sites with low salinity, low Ca water-
flooding will enhance oil recovery. The introduction of chemical
agents such as EDTA (Collins et al., 2008a,b) which form strong aque-
ous complexes with Ca2+ enhance oil recovery by eliminating [>Al:
Si\O−][+CaOOC\] bridges.

The surface complexation approach can be used to treat more
complex systems than the one described above. Differences in acid
and base numbers of oils can be modeled by adjusting the respective
site density in the surface complexation model. Basal exchange reac-
tions – i.e. multi-component ion exchange (e.g. Lager et al., 2006) –
can be added for impure kaolinite and for clays that possess a perma-
nent layer charge (though multi-component ion exchange isn't
needed to reproduce observed low salinity waterflooding trends). In
reservoirs where the latter are prevalent, \NH+ exchange onto
basal planes may play a role. Coordination of oil to smectite and illite
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Fig. 5. Model kaolinite–water and oil–water speciation at 100 °C (left) and electrostatic attraction concentration products (right) for a 0.4 M NaCl 5 mmol/L Ca solution (top) and
0.1 M NaCl, Ca-free solution (bottom).

Fig. 6. Schematic of electrostatic bridges between kaolinite edges and oil.
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Fig. 7. Calculated impact of low salinity injection on kaolinite–oil electrostatic bridges at
100 °C. Solid lines denote (connate) high salinity conditions; 0.4 M NaCl; 5 mmol/L Ca2+.
Dashed lines denote conditions after a 50/50 mixing of low salinity 0.02 M NaCl,
0.1 mmol/L Ca injectate with the connatewater, and after 95/5mixing of injectate/connate.

175P.V. Brady, J.L. Krumhansl / Journal of Petroleum Science and Engineering 81 (2012) 171–176

Figure 1: (a) The wettability of oil reservoir rocks is influenced by interactions between the brine/oil and brine/rock
interfaces of thin brine films that wet the surfaces of the pores in which the fluids reside. Repulsive interactions
produce a positive contribution to the disjoining pressure Π in the film that increases the film’s thickness h and leads
to a more water-wet state. The average thickness of these wetting films is thought to be less than 10 nm, and may be
much smaller than that value [8, 19]. (b) is a schematic of non-DLVO interactions between brine/oil and brine/clay
(kaolinite) interfaces, and is adapted from Figure 6 of [20]∗, with permission.

One of the most simple, yet effective ways in which low-salinity brine may alter the wettability96

is double-layer expansion [15]∗. Counterions in the brine film adsorb to the negatively-charged97
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brine/oil and brine/rock interfaces, whose electrostatic potentials we represent by ψ1 and ψ2, re-98

spectively. The counterions form an electrical double layer at each interface and screen the repulsion99

between the two negatively-charged interfaces [Figure 2(a)]. A characteristic length of this screening100

is the Debye length κ−1 given by101

κ−1 =
(
εrε0kBT

2NAe2I

)1/2
, (1)

where εr is the relative permittivity (dielectric constant) of the brine, ε0 is the permittivity of free102

space, kB is the Boltzmann constant, T is the temperature, NA is Avogadro’s number, e is the103

charge of an electron, and the ionic strength I is104

I = 1
2

n∑
i=1

ciz
2
i , (2)

where n is the number of ionic species, ci is the molar concentration of i, and zi is the charge of105

i [21]. When the the brine salinity is lowered, the Debye length increases since the ionic strength106

decreases. Both of the double layers expand to become more diffuse and the screening becomes107

weaker. As a result, the two interfaces experience a greater electrostatic repulsion [Figure 2(b)]. In108

other words, the electrostatic contribution Πels to the disjoining pressure becomes more positive.109

This last point is clear from the following approximation [19] to Πels that is valid for a brine film110

where the thickness obeys hκ > 1 and is composed of a symmetric electrolyte (i.e., contains only111

cations and anions with the same magnitude z of their charge) with molar concentration c:112

Πels(h) ≈ 64cNAkBT tanh
(
zeψ1
4kBT

)
tanh

(
zeψ2
4kBT

)
exp(−hκ). (3)

Based on the properties of the hyperbolic tangent function, Πels is positive if both ψ1 and ψ2 are113

negative, and Πels increases in magnitude as the potentials become more negative. The end result of114

decreasing the salinity is a more stable, thicker brine film and a more water-wet state [Figure 2(c)].115

We note that rather than working directly with ψ1 and ψ2, these potentials are often estimated by116

the zeta potentials ζ1 and ζ2, respectively, which are experimentally easier to measure.117
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Figure 2: (a) Counterions in the thin brine film adsorb to the negatively-charged brine/oil and brine/rock interfaces
to form an electrical double layer at each interface. The potentials at the two interfaces are estimated by the zeta
potentials ζ1 and ζ2. (b) When the brine salinity is decreased, the screening from the counterions becomes weaker
because the diffuse part of both double layers expand. Consequently, there is more repulsion between the two
interfaces, which is reflected in the zeta potentials ζ1 and ζ2 becoming more negative. (c) The double-layer expansion
(DLE) appears as a thicker brine film that is indicative of a more water-wet state.

In addition to DLE, the stability of the brine film may be affected by two chemical mechanisms:118

1) multicomponent ionic exchange (MIE) [16]∗ and 2) the Austad et al. mechanism [22]∗, [23].119
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These mechanisms weaken the attractive non-DLVO interactions described earlier in this section120

and illustrated in Figure 1(b) [16]∗, [9]∗, [18]∗∗. A recent thermodynamic model has found that121

weakening these interactions can be important in LSW [20]∗. For example, in MIE, divalent cations122

adsorbed on clay surfaces of sandstones and bridged with oil molecules to form organometallic123

complexes are exchanged with uncomplexed cations from the brine film [16]∗. MIE improves124

oil recovery because it removes the bridging interactions between the brine/oil and brine/rock125

interfaces of the film, leading to a more water-wet state. The uncomplexed cations can be divalents126

not bridged to oil or they can be monovalent cations, which are unable to form organometallic127

complexes even though they may adsorb to the clay surfaces. As evidence of MIE, Lager et al. have128

performed coreflooding studies which show no LSE from tertiary-mode LSW in a rock core where129

divalents have been flushed out from the connate brine present in the core [16]∗. In the absence of130

divalent cations, MIE does not improve oil recovery because there are no organometallic complexes.131

Austad et al. have proposed a chemical mechanism on clay surfaces in which the clay acts132

as a cation exchanger (Figure 3) [22]∗. When the salinity decreases, the equilibrium between the133

adsorbed cations and their desorbed counterparts in the brine is disturbed because the concentration134

of cations in the brine is lowered. To counteract this disturbance, there is a net desorpton of cations,135

especially Ca2+. The desorbed cations are exchanged with protons produced from the hydrolysis136

of nearby water molecules, which creates a local increase in the pH [Figures 3(b) and 3(e)]. The137

local increase in pH induces acid/base reactions that result in the release of basic [Figure 3(c)]138

and acidic [Figure 3(f)] groups in oil from the clay surface. The net result is wettability alteration139

and oil release due to breakage of non-DLVO interactions (acid/base interactions, hydrogen bonds)140

between the brine/oil and brine/clay interfaces. In addition, the Austad et al. mechanism alters141

the brine/clay electrostatic potential because substitution of an adsorbed divalent cation with H+142

makes the clay surface even more negatively charged. This enhances the double-layer expansion.143

Both MIE and the Austad et al. mechanism have been proposed to occur only on clay surfaces.144

Presumably this is because it has been thought that clay, especially kaolinite, must be present145

for LSE to be observed [3]. However, more recent studies have observed LSE in kaolinite-free146

sandstones [24] and in sandstones that do not contain significant amounts of any type of clay [25].147

Futhermore, silica can undergo cation exchange processes. A recent paper reports that negatively-148

charged surfactants are able to adsorb onto silica surfaces as long as divalent (Ca2+) cations are149

present to bridge the surfactants to the negatively-charged silica [26]∗. No such adsorption is150

detected when the brine is changed to NaCl, because sodium is unable to participate in bridging151

interactions. The adsorption is pH-dependent, indicating that there is cation exchange with H+152

as well. Other studies have confirmed that the presence of Ca2+ and Mg2+ are important for the153

adsorption of asphaltenes on quartz [27, 28]. Thus it is plausible that the two chemical mechanisms154

can also occur on quartz surfaces, not just on clays, and may be responsible for part of the LSE155

observed in the clay-free rocks. In the next few sections, we describe recent studies which show156

that DLE and the two chemical mechanisms can be important for wettability alteration in LSW.157

2.3. Visualization of DLE and DLE-induced wettability alteration158

Direct evidence of DLE and the chemical mechanisms in low-salinity brine comes from the work159

of Lee et al. [14]∗∗. They have created dispersions of sand-like (silica) or clay-like particles in160

a mixture of n-heptane with aerosol-OT, an anionic model surfactant. There is a thin brine film161

surrounding the particles because they are first placed in a brine solution before being transferred to162

the oil. If the brine film contains divalent cations, organometallic complexes can form as described163
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Fig. 1. Proposed mechanism for low salinity EOR effects. Upper: Desorption of basic material. Lower: Desorption of 
acidic material. The initial pH at reservoir conditions may be in the range of 4. 

 
 

 
Properties of clay minerals 
The presence of active clay minerals is necessary to obtain low salinity EOR effects. The crystal structure of 
common sandstone reservoir clays is made up of sheets of tetrahedral silica and octahedral aluminium layers. 
Clay minerals are often characterized as cation exchange material, because of structural charge imbalance, either 
in the silica or in the aluminium layer and also at the edge surfaces, causing a negative charge on the clay 
surface. The relative replacing power of cations is generally believed to be: 
 

Li+<Na+<K+<Mg2+<Ca2+<H+ 
 
At equal concentrations, Ca2+ will displace more Na+ than vice versa. The magnitude of the selectivity of 
different cations towards different clays varies considerably (Kleven and Alstad, 1996). It is also important to 
note that the proton, H+, has the strongest affinity towards the clay surface, but the concentration of H+ is usually 
much lower than the concentration of cations present in the formation water at pH= 4-5.  
 
Kaolinite is characterized as a 1:1 clay, that is, one unity consists of one tetrahedral silica layer and one 
octahedral aluminium layer. The unities are bonded together by strong hydrogen bonds, and kaolinite is known 
as a non-swelling clay, as indicated by the low surface area of 15-25 m2/g, Table 1. The charges within the 
structure are well balanced, which is also indicated by a relative low cation exchange capacity, 3-15 meq/100g, 
Table 1. The cation exchange mechanism for kaolinite is mainly linked to the edge surfaces. Kaolinite has a 
tendency to transform into illite and chlorite at greater depths. 
 
Mica and Illite are characterized as 2:1 clays, that is, one unity consists of three sheets where the octahedral 
aluminum layer lies between two tetrahedral silica layers. The charge imbalance is located in the silica layers 
(Si4+ is replaced by Al3+, which creates a negatively charged surface). The difference between mica and illite is 
only related to the degree of charge imbalance in the silica layers causing a lower negative surface charge on 
illite compared to mica. The structural units are bonded together by cations, and the clay may swell in a low 
saline environment. Both the cation exchange capacity and the surface area are much larger compared to 
kaolinite, Table 1. In this case, it is assumed that lattice substitution is the main mechanism for ion exchange, 
and the cation exchange capacity is in the range of 10-40 meq/100g.   
 
Montmorillonite is similar in structure to mica and illite; a 2:1 clay. In this case, the charge imbalance is located 
in the octahedral aluminum layer in between the two tetrahedral silica layers (Al3+ may be replaced by Mg2+). 
The clay has a very high cation exchange capacity, 80-150 meq/100g. As for mica and illite, the lattice 
substitution is believed to be the cation exchange mechanism for montmorillonite. Montmorillonite clay data are 
summarized in Table 1. 
 
Chlorite is characterized as a 2:1:1 clay. The negatively charged mica structure units, 2:1, are bonded together by 
a “polymeric cation” brucite layer. It is an octahedral aluminum layer with charge imbalance (Al3+ may be 
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Fig. 1. Proposed mechanism for low salinity EOR effects. Upper: Desorption of basic material. Lower: Desorption of 
acidic material. The initial pH at reservoir conditions may be in the range of 4. 
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Fig. 1. Proposed mechanism for low salinity EOR effects. Upper: Desorption of basic material. Lower: Desorption of 
acidic material. The initial pH at reservoir conditions may be in the range of 4. 
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Fig. 1. Proposed mechanism for low salinity EOR effects. Upper: Desorption of basic material. Lower: Desorption of 
acidic material. The initial pH at reservoir conditions may be in the range of 4. 
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Fig. 1. Proposed mechanism for low salinity EOR effects. Upper: Desorption of basic material. Lower: Desorption of 
acidic material. The initial pH at reservoir conditions may be in the range of 4. 

 
 

 
Properties of clay minerals 
The presence of active clay minerals is necessary to obtain low salinity EOR effects. The crystal structure of 
common sandstone reservoir clays is made up of sheets of tetrahedral silica and octahedral aluminium layers. 
Clay minerals are often characterized as cation exchange material, because of structural charge imbalance, either 
in the silica or in the aluminium layer and also at the edge surfaces, causing a negative charge on the clay 
surface. The relative replacing power of cations is generally believed to be: 
 

Li+<Na+<K+<Mg2+<Ca2+<H+ 
 
At equal concentrations, Ca2+ will displace more Na+ than vice versa. The magnitude of the selectivity of 
different cations towards different clays varies considerably (Kleven and Alstad, 1996). It is also important to 
note that the proton, H+, has the strongest affinity towards the clay surface, but the concentration of H+ is usually 
much lower than the concentration of cations present in the formation water at pH= 4-5.  
 
Kaolinite is characterized as a 1:1 clay, that is, one unity consists of one tetrahedral silica layer and one 
octahedral aluminium layer. The unities are bonded together by strong hydrogen bonds, and kaolinite is known 
as a non-swelling clay, as indicated by the low surface area of 15-25 m2/g, Table 1. The charges within the 
structure are well balanced, which is also indicated by a relative low cation exchange capacity, 3-15 meq/100g, 
Table 1. The cation exchange mechanism for kaolinite is mainly linked to the edge surfaces. Kaolinite has a 
tendency to transform into illite and chlorite at greater depths. 
 
Mica and Illite are characterized as 2:1 clays, that is, one unity consists of three sheets where the octahedral 
aluminum layer lies between two tetrahedral silica layers. The charge imbalance is located in the silica layers 
(Si4+ is replaced by Al3+, which creates a negatively charged surface). The difference between mica and illite is 
only related to the degree of charge imbalance in the silica layers causing a lower negative surface charge on 
illite compared to mica. The structural units are bonded together by cations, and the clay may swell in a low 
saline environment. Both the cation exchange capacity and the surface area are much larger compared to 
kaolinite, Table 1. In this case, it is assumed that lattice substitution is the main mechanism for ion exchange, 
and the cation exchange capacity is in the range of 10-40 meq/100g.   
 
Montmorillonite is similar in structure to mica and illite; a 2:1 clay. In this case, the charge imbalance is located 
in the octahedral aluminum layer in between the two tetrahedral silica layers (Al3+ may be replaced by Mg2+). 
The clay has a very high cation exchange capacity, 80-150 meq/100g. As for mica and illite, the lattice 
substitution is believed to be the cation exchange mechanism for montmorillonite. Montmorillonite clay data are 
summarized in Table 1. 
 
Chlorite is characterized as a 2:1:1 clay. The negatively charged mica structure units, 2:1, are bonded together by 
a “polymeric cation” brucite layer. It is an octahedral aluminum layer with charge imbalance (Al3+ may be 

Clay

N H Ca2+
O
H

H

Clay

N H Ca2+

Clay

N
Ca2+

H+H O
H

C H
O

H

Clay

Ca2+H+

R

H
O

O 
H

O
H

Clay

Ca2+

H+H+

R

O-CO 

Clay

Ca2+H+

R

H
O

O C

Figure 3: (a)–(c) Mechanism proposed by Austad et al. for detachment of basic groups in oil, where (a) shows the
initial situation before LSW, (b) the chemical reactions occurring in low-salinity brine, and (c) the final situation
after LSW. (d)–(f) illustrate their mechanism for detachment of acidic groups in oil. The chemical reactions break
the brine/oil and brine/rock interactions depicted in (a) and (d), and they also enhance the double-layer expansion
by increasing the net negative potential along the clay surface. Adapted from Figure 1 of [22]∗, with permission.

in Section 2.2. Lee et al. use small angle neutron scattering to measure the thickness of these164

films as a function of brine composition and salinity. Although the estimated uncertainty in the165

measurements are relatively large, some interesting trends are apparent in Figure 4. As expected,166

decreasing the salinity increases the thickness (i.e., makes the particles more water-wet) due to DLE167

and the chemical mechanisms. Interestingly, the thickness seems to reach a maximum at low salt168

concentrations; the films are not the thickest in deionized water. Comparing results for LiCl, NaCl,169

and KCl, we see that the thickness of brine films with larger monovalent cations are more sensitive170

to salinity. This trend is presented from another perspective in Section 2.4, where we examine the171

zeta potential of silica particles in solutions of NaCl, KCl, and CsCl. Another topic we discuss in172

the next section is divalent cations vs. monovalent cations. Figure 4 shows that the thickness of173

films with divalent cations are more sensitive to salinity. There are at least two reasons for this174

behavior. First, because monovalent cations cannot form organometallic complexes, MIE will not175

affect the thickness of films made of brines like NaCl. Only DLE and the Austad et al. mechanism176

may occur in these films. In contrast, when the salinity of brine films with divalent cations is177

decreased, all three mechanisms (DLE, MIE, Austad et al.) can occur. Second, divalent cations178

are said to be specifically adsorbed to certain surfaces, like silica (see [29] and the references cited179

therein). Divalent cations adsorb directly to these surfaces to form inner-sphere complexes, whereas180

monovalent cations form outer-sphere complexes, where there is at least one water molecule lying181

between the surface and the cation [17]∗, [29], [9]∗. For these reasons, one can expect the thickness182

of brine films with divalent cations to be more sensitive to the salinity.183

Berg et al. have monitored the effect of low-salinity brine on crude oil droplets attached to clay184

particles adhered to a glass substrate that is placed in a transparent flow cell [30]. High-salinity brine185

is flowed into the cell at a steady speed to remove loosely-attached droplets. Afterwards, low-salinity186

6



8                                                                                                          SPE 129722 

!"#$%&'()*+")$,-+.(!/0123$%.$!(4$5678$!"#$9'!"$%.$!($*"$:;;<=>$
$
Thickness of the water layer with added electrolyte: 
?"$!##*.*+"$.+$.1%$)*&@(%$A%.$!"#$#/2$)2).%&)4$A%$1!B%$!()+$*"B%).*C!.%#$.1%$B!/*!.*+"$+D$.1%$A!.%/$(!2%/$
.1*03"%))$A*.1$!##%#$%(%0./+(2.%)$A1*01$%"0+&@!))$B!/*!.*+")$*"$0!.*+"$!"#$!"*+"$B!(%"02$!"#$*+"$)*E%$
,01!/C%$#%")*.2=$!)$.1%)%$1!B%$F%%"$)./+"C(2$*&@(*0!.%#$*"$/%(!.%#$@1%"+&%"+(+C2>$G1%$HIJH$#!.!$A!)$
0+((%0.%#$D+/$#*DD%/%".$0+"./!).)$.+$+@.*&*)%$.1%$)%")*.*B%(2$.+$.1%$A!.%/$(!2%/$0+&@+)*.*+"$!"#$.1*03"%))$
!"#$D*..%#$')*"C$.1%$&+#%()$#*)0'))%#$!F+B%>$?"$!##*.*+"4$)0!..%/*"C$D/+&$IKG$%&'()*+"$#/+@(%.)$A!)$
*"0('#%#$*"$.1%$D*..*"C$!/*)*"C$D/+&$)+&%$A!.%/$%".%/*"C$.1%$&*0%((%)$+D$.1%$#/2$)2).%&>$G1%$)./'0.'/!($
01!/!0.%/*)!.*+"$ +D$ .1%)%$ %&'()*+"$ #/+@)$ *)$ *"$ B%/2$ C++#$ !C/%%&%".$ A*.1$ .1%*/$ @'F(*)1%#$ )./'0.'/%>$
,-+.(!/0123$%.$!(4$5678$!"#$9'!"$%.$!($*"$:;;<=$

$
I$ )'&&!/2$ +D$ .1%$ D*..%#$ A!.%/$
(!2%/$ .1*03"%))$ D+/$ .1%$ 9'#+L$ IH$
,M)!"#N=$ )2).%&$ *)$ C*B%"$ *"$O*C'/%$
5:>$ $ I(($ )!&@(%)$ )1+A$ .1%$ A!.%/$
(!2%/>$ ?"$ )+&%$ 0!)%)$ .1%$ B!/*!.*+"$
*"$ .1*03"%))$D+/$ .1%$0+"0%"./!.*+")$
*)$ "+.$ &'01$ C/%!.%/$ .1!"$ .1%$
%).*&!.%#$ '"0%/.!*".2$ *"$ .1%$
&%!)'/%&%".>$ P+A%B%/4$ !(.1+'C1$
.1%)%$ #*DD%/%"0%)$ !/%$ )&!((4$ .1%$
C%"%/!($ ./%"#$ A*.1$ )!(*"*.2$ )%%&)$
/%!)+"!F(2$ 0+&&+"Q$ K.1%/$ .1!"$
.1%$ @'/%$ A!.%/$ 0!)%$ A*.1$ .1%$
.1*""%).$ A!.%/$ (!2%/4$ .1%$ (+A%/$
0+"0%"./!.*+"$)!&@(%)$1!B%$.1*03%/$
A!.%/$ (!2%/)>$ G1*)$ *"0/%!)*"C$
A!.%/$ (!2%/$ .1*03"%))$ A*.1$
#%0/%!)*"C$ )!(*"*.2$ *)$ +"%$ !)@%0.$
+D$.1%$@/+@+)%#$(+A$)!(*"*.2$RKS$

%DD%0.>$G1%$@'/%$A!.%/$)2).%&$)%%&)$.+$F%$!$)@%0*!($0!)%>$G1%$/%!)+"$D+/$.1*)$/%#'0.*+"$*"$.1%$)*E%$+D$.1%$
#+'F(%$(!2%/$*)$'"3"+A">$$$

$
$
O+/$9'#+L$IT$,0(!2$(*3%=$)!&@(%)$
@/%)%".%#$ *"$ O*C'/%$ 5<4$ )*&*(!/$
./%"#)$!/%$+F)%/B%#$*"$.1%$B!/*!.*+"$
*"$A!.%/$ (!2%/$ .1*03"%))$!)$ D+/$ .1%$
IH$)2).%&$!(.1+'C1$D+/$)+&%$*+")$
.1%$ %DD%0.$ *)$ )+&%A1!.$ &+/%$
@/+"+'"0%#>$$$
$
?".%/%).*"C(2$ )!(.$ B!(%"02$ !()+$
!@@%!/)$ .+$ 1!B%$ !"$ *&@!0.$ +"$ .1%$
)*E%$ +D$ .1%$ A!.%/$ (!2%/>$ $ G1%$
B!/*!.*+"$ *"$ A!.%/$ )*E%$ D+/$
&+"+B!(%".$ 0!.*+")$ !@@%!/)$
F/+!#(2$ (%))$ .1!"$ .1%$ B!/*!.*+"$ *"$
)*E%$ D+/$ #*B!(%".$ *+")>$ O+/$ %L!&@(%$
.1%$ )+#*'&$ 01(+/*#%$ *"0/%!)%$ D/+&$
5;>7$U$.+$55>7$U$$D+/$!$/%#'0.*+"$*"$

)!(*"*.2$ D/+&$ ;>5$ T+(!/$ .+$ ;>;;5$ T+(!/$ ,V;;;$ @@&$ .+$ V;$ @@&=>$ $ O+/$ TCW(:$ .1%$ A!.%/$ .1*03"%))$
*"0/%!)%)$D/+&$7>5X$U$.+$5X>7$U>$?".%/%).*"C(2$.1%$TCHKX$A*.1$#*B!(%".$!"*+"$!"#$0!.*+"$)1+A)$B%/2$
(*..(%$ A!.%/$ (!2%/$ .1*03"%))$ B!/*!.*+">$ $ P%"0%$ A%$ 0+"0('#%$ .1!.$ %L01!"C%$ +D$ #*B!(%".$ *+")$ D+/$
&+"+B!(%".$ *+")$ !.$ (+A$ 0+"0%"./!.*+"$ 0!"$ )*C"*D*0!".(2$ %"1!"0%$ .1%$ .1*03$ +D$ .1%$ A!.%/$ (!2%/$ +D$ .1%$
&*"%/!($)'/D!0%>$
$
Linkage to the Low Salinity EOR Mechanism: 

!"#$%&'()*'+,-&%.%&-&/'0120'/3-3'45%'6789:'10';03,/'
6"<&='>3%-"?@&'

!"#$%&(A*'+,-&%.%&-&/'0120'/3-3'45%'6789:'1B';C@3D'
6"<&='>3%-"?@&E'

5

7

9

11

13

15

17

LiC
l

NaCl
KCl

MgC
l2

CaCl2

Na2S
O4

MgS
o4

Th
ic

kn
es

s 
(A

)

0.1 M
0.01 M
0.001 M
0

5

7

9

11

13

15

17

LiC
l

NaCl
KCl

MgC
l2

CaCl2

Na2S
O4

MgS
O4

Th
ic

kn
es

s 
(A

)

0.1 M
0.01 M
0.001 M
0

Figure 4: Thickness of thin brine films surrounding sand-like particles dispersed in a mixture of n-heptane and anionic
surfactant. The thickness and the salinity are reported in ångströms and molarity, respectively. Error bars are also
shown. Adapted from Figure 12 of [14]∗∗, with permission.

brine is entered at the same speed, resulting in detachment of oil from the clay particles. Many trials187

with different low-salinity brines are conducted. Images recorded by a digital camera are analyzed188

to quantify the amount of oil release. For trials with very low-salinity brine (2.0 g/L NaCl), an189

average of 66% of the oil is released, but there is significant production of fines (small fragments)190

due to de-flocculation of clay from the substrate. Fines production, which we briefly discuss in191

Section 2.6, is sometimes undesirable in field-scale operations because it may damage the well192

productivity. Berg et al. report that high-salinity brine diluted four times (≈ 6.5 g/L in dissolved193

salts) leads to a 59% recovery of the oil, and there is no significant fines production. They conclude194

that in low-salinity brine, the adhesion forces that attach the oil droplets to the clays are weakened195

due to DLE and the chemical mechanisms. The oil droplets are released as a result.196

Mahani et al. use a similar setup as Berg et al., except that low-salinity brine is slowly in-197

troduced so as to not hydrodynamically disturb the oil [18]∗∗. Instead, the low-salinity brine198

diffuses into the narrow space between the oil and clay previously occupied by the high-salinity199

brine film (Figure 5). In addition to theoretically modeling this diffusion process, Mahani et al.200

also experimentally monitor the recession of the three-phase brine/oil/clay contact line and the201

change in the oil droplet’s contact angle as high-salinity brine is displaced by low-salinity brine.202

The contact angle decreases over time, indicating a transition towards a more water-wet state, until203

it reaches a critical value of between 40–50◦ where oil droplets start to detach from the clay. The204

contact angle, however, does not always decrease in a smooth, gradual manner. Periods of gradual205

decrease are punctuated by sudden, step-like drops. Mahani et al. interpret the results of their206

experimental measurements and their diffusion model with the picture illustrated in Figure 5. Oil207

is attached to the clay surface due to electrostatic screening from ions in the brine film, as well as208

the non-DLVO interactions described in Section 2.2, which serve as discrete pinning points between209

oil and clay [Figure 5(a)]. In low-salinity brine, DLE and the chemical mechanisms weaken the210

attraction between brine/oil and brine/clay interfaces, and the step-like drops in the contact angle211

may correspond to breakage of the discrete pinning points [Figure 5(b)].212
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bonding, which tend to pin the three-phase contact line, thus
accounting for the observed behavior.
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based upscaling to the “pore-network” scale and beyond, for
example, core scale and to delineate when and at which length
scale the kinetics of the LS effect is relevant to address.
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Figure 5: Low-salinity wettability alteration on clay surfaces envisioned by Mahani et al [18]∗∗. Oil adhesion is
dictated by the stability of the thin brine film between oil and clay shown in (a). The stability depends in part on
non-DLVO interactions between the brine/oil and brine/clay interfaces, which act as discrete pinning points between
oil and clay. (b) Low-salinity brine gradually displaces high-salinity brine in the brine film. This results in DLE and
breakage of the pinning points, leading to release of the oil. Adapted from Figure 14 of [18]∗∗, with permission.

2.4. Zeta potential, contact angle, oil recovery, and AFM measurements213

Rather than directly visualizing DLE, some studies have provided evidence for it through a214

combination of zeta potential, contact angle, and oil recovery measurements. Alotaibi et al. have215

measured the contact angle of oil droplets placed on a flat sheet of Berea sandstone that is immersed216

in one of three different brines [31]. In order of decreasing salinity, the brines are formation water,217

seawater, and aquifer water. Experiments are conducted at 50 ◦C and 90 ◦C. For both temperatures,218

they find that the rock becomes more water-wet as the salinity decreases. The wettability alteration219

is especially pronounced for aquifer water, which has a salinity roughly ten times less than that of220

seawater. Alotaibi et al. have also measured the zeta potential of brine/Berea and a few different221

brine/clay dispersions. For all dispersions, the zeta potential becomes more negative (there is more222

double-layer expansion) at lower salinities. Nasralla et al. have observed similar results for a more223

diverse variety of systems [32]. In addition to the same three brines studied by Alotaibi et al.,224

Nasralla et al. have also examined aquifer water diluted by a factor of ten and deionized water.225

They have measured the zeta potential of both brine/oil and brine/rock dispersions. Except for a226

few issues that we discuss in Section 2.6, their results are in agreement with what we would expect227

if DLE is a major mechanism of wettability alteration. That is, decreasing the salinity leads to228

more negative zeta potentials at both interfaces of the thin brine films, which results in a more229

water-wet state and improved oil recovery. In their experiments, deionized water has the most230

negative brine/oil and brine/rock zeta potentials, the highest water-wet contact angle, and the231

greatest secondary-mode oil recovery.232

The extent of the double-layer expansion is affected by the composition of the brine (e.g.,233

whether the brine contains divalent or monovalent cations) and the pH of brine. As we alluded to234

in our discussion of the film thickness measurements by Lee et al. [14]∗∗, DLE is more sensitive235

to salinity in brines with larger monovalent cations. Similar results are obtained by Dishon et236

al., who have measured the brine/silica zeta potential for three different brines (NaCl, KCl, and237

CsCl) at two different concentrations, 10 millimolar (mM) and 1 mM [33]. The zeta potentials at238
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10 mM are −22 mV, −20 mV, and −16 mV for NaCl, KCl, and CsCl, respectively. At 1 mM, the239

zeta potential for all three brine/silica dispersions is −33 mV so that the change with salinity is240

more pronounced for the larger cations. At the same concentration, the brine/rock and brine/oil241

zeta potentials tend to be more negative if the brine contains monovalent cations as opposed to242

divalent cations [29, 32, 27]. This may be because divalents have a stronger influence on the243

ionic strength and electrostatic screening as evident in Equation (2), and because as we discussed244

in Section 2.3, divalents adsorb more strongly to charged surfaces than do monovalents (specific245

ion effects). Farooq et al. have measured the zeta potential of dispersions containing different246

sandstone minerals and rocks, including silica, kaolinite, reservoir rocks, and two types of outcrop247

rocks (Berea and Bentheimer) that mimic reservoir rocks [29]. The dispersions are formed using248

one of five different liquids: deionized water, brine solutions of pure NaCl, CaCl2, MgCl2, and a249

mixed brine that is composed mainly of NaCl but also contains small amounts of divalents. All the250

brines are at the same concentration of 1500 parts-per-million (ppm). It is found that for kaolinite251

at a pH of 6, the zeta potentials are approximately −75 mV, −30 mV, −15 mV, −10 mV, and252

−7 mV in deionized water, NaCl, mixed brine, CaCl2, and MgCl2, respectively. The other minerals253

and rocks exhibit similar trends with respect to the relative magnitude of the zeta potentials.254

Nasralla et al. have compared the brine/oil zeta potential for two crude oils and three types of255

brines (NaCl, CaCl2, MgCl2) with each brine type at three different weight fractions of salt [34].256

At the same weight fraction, NaCl displays the most negative zeta potential with both oils. Conse-257

quently, the thin brine film with NaCl undergoes the most DLE, and Nasralla et al. find that NaCl258

provides greater secondary-mode improved oil recovery than CaCl2 and MgCl2. The differences259

among the three types of brines would be even more disparate if they were compared at the same260

mole fraction, rather than weight fraction. Finally, as the pH of the brine increases, the interfaces261

of the brine film become more negative. The brine/rock zeta potentials of silica and various other262

sandstone minerals become more negative with increasing pH [33, 29]. The same is also true for263

the brine/oil zeta potential [34], [15]∗. The enhanced double-layer expansion at higher pH values264

is reflected in oil recovery measurements. For example, Nasralla et al. report that a low-salinity265

diluted aquifer water solution at a pH of 4.8 leads to a secondary-mode recovery of 37% of the266

original oil-in-place (OOIP) in a Berea sandstone core at 100 ◦C and 34 bar, while the same brine267

at the same conditions but at a pH of 7.3 yields a recovery of 47% OOIP [15]∗.268

Double-layer expansion is related to force measurements from atomic force microscopy (AFM).269

AFM can be used to measure the adhesion, as a function of salinity, between quartz grains removed270

from sandstone cores and AFM tips functionalized with oil, both of which are submerged in brine.271

The adhesion is an indication of the attractive interactions between the brine/oil and brine/quartz272

interfaces of thin brine films in reservoir rocks. Diluting the brine makes the quartz surface more273

water-wet and reduces the adhesion to oil [35]. The experimentally measured adhesion force as a274

function of salinity can be fitted well with force predictions from DLVO theory [36]∗. This result275

implies that DLE, which is based on DLVO theory, can be a major mechanism for the improved oil276

recovery from low-salinity brine.277

2.5. DLE vs. MIE278

At low salinities, DLE and the two chemical mechanisms discussed in Section 2.2 occur together279

to enhance the wetting of thin brine films and improve the oil recovery. Two studies have done280

coreflooding experiments to determine whether DLE plays a more dominant role than MIE, one of281

the two chemical mechanisms, in causing the low-salinity effect. Ligthelm et al. have injected a high-282

salinity formation brine, which contains both monovalent and divalent cations, into a sandstone283
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core in secondary mode to recover an oil volume equivalent to about 28% of the total pore volume284

of the core [13]. They then inject a high-salinity NaCl solution in tertiary mode to recover an285

additional 3% of the pore volume in oil. This recovery is rather small and may be partly a result of286

experimental artifacts, such as a change in the flow rate between the secondary- and tertiary-mode287

injections. The high-salinity NaCl is continually injected until divalent cations are no longer present288

in the effluent brine. The NaCl has roughly the same ionic strength as the formation brine, so there289

is expected to be little DLE, but MIE occurs since sodium can exchange with the complexed divalent290

cations. Ligthelm et al. follow the high-salinity NaCl injection with injection of a low-salinity NaCl291

solution, which recovers about 6% of the pore volume in oil. During the low-salinity NaCl injection,292

there is significant DLE, but no MIE because all the divalent cations have been effectively flushed293

out. Since the recovery is larger when there is DLE, Ligthelm et al. conclude that DLE is more294

important than MIE in their system. Xie et al. have performed similar experiments and also report295

that DLE is more significant than MIE in their system [37]. Their oil recovery measurements are296

supported by disjoining pressure calculations and zeta potential measurements.297

2.6. Limitations of DLE and the chemical mechanisms298

The studies described in Sections 2.3–2.5 have verified from multiple perspectives that DLE and299

the chemical mechanisms can be important in LSW. They provide a qualitative picture, and even a300

quantitative explanation in certain cases [36]∗, of low-salinity wettability alteration. However, they301

cannot explain all of the results. The purpose of this section is to discuss these limitations in order302

to stress that more careful studies are needed and to agree with the assessment in the literature303

that no one mechanism can explain all of the results [38, 12].304

First, we note that if the brine salinity is reduced, the wettability does not always change in305

a consistent manner. In Section 2.4, we described a study by Alotaibi et al. who report that the306

brine/rock zeta potential of Berea sandstone becomes more negative with decreasing salinity, as307

expected [31]. The brine/rock zeta potential of Scioto sandstone in their study also exhibits the308

same behavior, but the contact angle of oil droplets on Scioto does not change as expected. Con-309

tact angle measurements suggest that Scioto is more oil-wet (less water-wet) in low-salinity aquifer310

water than in high-salinity seawater. Similarly, Nasralla et al. find that even though seawater’s311

salinity is significantly lower than that of formation brine, it produces a more oil-wet state and312

yields less secondary-mode oil recovery than formation brine [32]. An important, but unresolved313

issue is whether low-salinity brine is more efficient than deionized water for LSW. The film thickness314

measurements in Figure 4 suggest that deionized water is not the optimal choice because it does315

not lead to the most double-layer expansion. However, recent zeta potential and oil recovery mea-316

surements that we have discussed show that deionized water may be most effective [32, 29], [15]∗.317

A similar discrepancy exists for the effect of monovalent vs. divalent cations. Figure 4 suggests318

that double-layer expansion may be greater in brine films with CaCl2 rather than NaCl, while319

zeta potential and oil recovery measurements have found that NaCl may be more effective for320

LSW [34, 29], [15]∗. These results show that LSW involves very complicated phenomena that321

depend on the specific systems (rocks, brines, crude oils) and conditions under study. It is difficult322

to make broad, sweeping generalizations that apply to all systems under all conditions.323

Even if deionized water yields the largest recovery, it may not be an ideal choice in field-scale324

LSW operations because it could damage oil well productivity through fines migration. It is known325

that below a critical salt concentration, clays may de-flocculate from sandstone surfaces and migrate326

through the pores as fines [39, 30]. Despite the potential damage caused by the fines, they may327
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improve the recovery because the fines carry attached oil droplets, and they allow for greater sweep328

efficiency of the brine through the formation. Although fines migration is no longer thought to329

be a major mechanism for LSW wettability alteration [16]∗, [38, 24, 5], it may be important in330

certain cases. In a few laboratory experiments, LSE is observed only in cores where there is fines331

migration [25, 40]. It is unclear why in these studies, DLE and the chemical mechanisms do not332

improve the oil recovery unless fines are also produced. Pu et al. do report, however, that fines333

migration in their study is associated with dissolution of anhydrite (CaSO4) in the sandstone, which334

produces sulfate ions [25]. This may be related to a chemical mechanism in carbonates that we335

discuss in Section 3.336

3. Wettability alteration involving thin brine films on carbonates337

3.1. Chemical composition and reactivity of carbonates338

Carbonates are primarily composed of calcite, which is a common mineral form of calcium339

carbonate (CaCO3). Carbonates may also contain other minerals like aragonite (another form of340

CaCO3), dolomite [CaMg(CO3)2], and anhydrite (CaSO4). Two common types of rocks found in341

carbonate oil reservoirs are dolostone, which mainly contains dolomite, and limestone (e.g., chalk).342

The isoelectric points of these carbonate minerals and rocks are well above the isoelectric point of343

quartz (pH = 2) [41]∗. For example, the isoelectric point of calcite in pure water lies in the pH344

range of 7 to 12 (depending on the conditions [41]∗), with the exact value often quoted as being345

the midpoint of this range, a pH of 9.5 [8, 6]. Based on this fact alone, one may conclude that346

carbonate surfaces have a much stronger tendency to be positively charged than sandstone surfaces.347

Unlike quartz, however, calcite is chemically reactive and can dissolve in brine to produce Ca2+,348

CO2−
3 , HCO−

3 , and H2CO3 [29], [9]∗. Furthermore, the presence of Mg2+ and SO2−
4 in the brine or349

in the rocks, such as those found in dolomite and anhydrite, can lead to more reactions near the350

brine/carbonate interface, including substitution of calcium with magnesium on the rock surface,351

mineral dissolution, precipitation, and adsorption.352

The chemical reactivity of carbonates affects the charge along the brine/carbonate interface.353

The dissolution of calcite, which may be expressed as354

CaCO3(s) + H2O(l)→ Ca2+(aq) + HCO−
3 (aq) + OH−(aq), (4)

increases the pH [9]∗, [42]. The increase in pH drives the zeta potential of the brine/carbonate355

interface towards the negative direction [41]∗. Ions created during mineral dissolution or already356

present in the brine can adsorb to the carbonate surface to further alter the charge. An important357

ion for LSW in carbonates is the sulfate ion (SO2−
4 ), which is produced by anhydrite dissolution:358

CaSO4(s)→ Ca2+(aq) + SO2−
4 (aq). (5)

The adsorption of SO2−
4 created by anhydrite dissolution places negative charges near the carbonate359

surface.360

3.2. Double-layer expansion and a chemical mechanism proposed by Austad et al.361

The chemical reactions described in Section 3.1 underlie two LSW mechanisms that affect the362

stability of wetting thin brine films on carbonates: 1) double-layer expansion and 2) a chem-363

ical mechanism proposed by Austad et al. involving SO2−
4 produced by anhydrite dissolution364
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[43]∗, [44]∗. Injection of low-salinity brine in carbonate reservoirs disturbs the thermodynamic365

equilibrium established among the ions dissolved in the brine film, the ions adsorbed to the rock366

surface, and the species incorporated into the rock matrix [41]∗. This disturbance induces the367

dissolution of minerals like calcite and anhydrite to counteract the decrease in the concentration of368

dissolved ions. As discussed above, the dissolution of calcite and anhydrite increases the pH and369

produces sulfate ions, respectively. Both reactions cause the brine/carbonate interface to become370

more negatively charged and repelled by the negatively-charged brine/oil interface. The decreased371

ionic strength in the brine film expands the two electrical double layers (one at each of the film’s two372

interfaces) and thereby reduces the screening of the repulsion. As a result, the film becomes thicker373

because the positive electrostatic contribution to the disjoining pressure Π increases. The carbonate374

consequently becomes more water-wet. A recent study has attempted to demonstrate wettability375

alteration on both calcite and quartz surfaces through disjoining pressure calculations [45]∗.376

Figure 6: Flowchart of LSW mechanisms in carbonates. Injection of low-salinity brine disturbs the thermodynamic
equilibrium, which leads to dissolution of minerals like anhydrite and an increase in the pH. Sulfate ions produced
by anhydrite dissolution induces a chemical mechanism proposed by Austad et al. [43]∗ in which chemical bonds
between the brine/oil and brine/carbonate interfaces of thin brine films are broken. The pH increase lowers the
positive charge of the brine/carbonate interface. If the pH exceeds the rock’s point of zero charge (PZC), which has
a similar meaning to its isoelectric point, the surface becomes negatively charged and double-layer expansion (i.e., an
increase in the film thickness) occurs. Both double-layer expansion and the chemical mechanism alter the wettability
towards a more water-wet state favorable to oil recovery. Adapted from Figure 19 of [41]∗, with permission.
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Anhydrite dissolution may improve oil recovery by increasing the connectivity of the pores so377

that the reservoir becomes more permeable to flow [10], [11]∗. Furthermore, anhydrite dissolution378

is a key feature of a LSW chemical mechanism proposed by Austad et al. [43]∗. This mechanism379

is adapted from one that they proposed earlier to explain how seawater enhances the stability of380

thin brine films on chalk surfaces [44]∗. According to this mechanism, sulfate ions produced by381

anhydrite dissolution in LSW adsorbs to the carbonate surface. This leads to co-adsorption of382

Ca2+ and Mg2+ onto the rock. The Ca2+ ions can then react with carboxylic groups in oil that are383

bonded to the carbonate surface. The reaction with Ca2+ breaks the bonds between the brine/oil384

and brine/carbonate interfaces and causes release of the carboxylic groups, leading to improved oil385

recovery. At sufficiently high temperatures, Mg2+ can substitute Ca2+ on the carbonate surface and386

thereby displace Ca2+ ions on the surface that are bridged to carboxylic groups. In this manner,387

the Ca/Mg substitution further improves oil recovery. The aforementioned chemical mechanism388

for carbonates resembles the two chemical mechanisms for sandstones detailed in Section 2.2 since389

all three involve breaking attractive interactions between the brine/oil and brine/rock interfaces390

of thin brine films, causing the film to become more wetting. The two LSW mechanisms for391

carbonates (double-layer expansion and the chemical mechanism induced by anhydrite dissolution)392

are summarized in the flowchart of Figure 6. In the rest of this section, we discuss experimental393

and theoretical studies on these mechanisms, as well as their implications for improved oil recovery.394

The low-salinity effect in carbonates was first observed by Yousef et al. They have injected six395

different brines into rock cores obtained from a carbonate reservoir whose composition is roughly396

80% calcite, 13% dolomite, and 6% anhydrite [10]. In order of decreasing salinity, the brines are397

formation water, seawater, seawater diluted two times, 10 times, 20 times, and 100 times. They re-398

port improved oil recovery from tertiary-mode LSW, although the recovery from 100 times diluted399

seawater is negligible compared to that from 20 times diluted seawater. The oil recovery measure-400

ments are consistent with their contact angle measurements of oil droplets on flat carbonate rock401

plates. Over the six different brines, the contact angle decreases from 88–92◦ in the formation brine402

to 58–62◦ in 100 times diluted seawater. They define the contact angle so that its decrease at lower403

salinities indicates a transition to a more water-wet state. The difference in the average contact404

angle between the two lowest-salinity brines is small (roughly 2◦). Nuclear magnetic resonance405

(NMR) results obtained by Yousef et al. suggest that the wettability alteration could be due to406

anhydrite dissolution, which is consistent with the Austad et al. mechanism, or to a change in the407

surface charge of the carbonate, which is consistent with double-layer expansion [10], [11]∗.408

The occurrence of double-layer expansion during LSW in carbonates is supported by zeta po-409

tential measurements. Yousef et al. have found that the brine/carbonate zeta potential in seawater410

diluted two times, 10 times, 20 times, and 100 times becomes increasingly negative with decreas-411

ing salinity [11]∗. The zeta potentials are more negative at 60 ◦C than at 40 ◦C, which suggests412

that DLE is more pronounced at the higher temperature. These findings are consistent with the413

results of Alotaibi et al., who have measured zeta potentials of limestone and dolomite particles414

in different brines at two different temperatures (25 ◦C and 50 ◦C) [46]. The experimental trend415

with respect to temperature agrees with the assertion of Austad et al. that LSW is most effective416

at an optimum temperature of between 90–110 ◦C [43]∗. The zeta potential behavior with respect417

to brine composition and pH is more complicated and highly dependent on the specific conditions418

under study. Just as we described in Section 2 for sandstones, divalent cations (Ca2+ and Mg2+)419

can adsorb strongly to calcite surfaces. The adsorption is sufficiently strong that Farooq et al.420

report the brine/calcite zeta potential to be positive (varying between about 5 to 20 mV) through-421
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out the entire pH range of 2 to 11 for CaCl2 and MgCl2 solutions at 1500 ppm [29]. However,422

carbonate rocks are not always positively charged in the presence of CaCl2 and MgCl2. Chen et423

al. have measured the zeta potential of TP powder, which is 82% calcite but also contains some424

quartz and clays, in 0.1 weight percent CaCl2 over a pH range of 5 to 11. They find that the425

zeta potential monotonically decreases from about 5 mV at pH = 5 to −23 mV at pH = 11 [47].426

They have also measured the zeta potential of TP powder in three different pure brines (NaCl,427

CaCl2, MgCl2) over a concentration range of 0 to 10 weight percent. For all three brines, the zeta428

potential becomes more negative with decreasing salinity, which is consistent with DLE as a LSW429

mechanism. At the same weight percent of brine, TP powder dispersions in NaCl have the most430

negative zeta potential, followed by dispersions in MgCl2, then CaCl2. The zeta potential of TP431

powder in NaCl is negative throughout the entire concentration range, while it is negative below432

a certain concentration in the other two brines (approximately 2 and 7 weight percent for CaCl2433

and MgCl2, respectively). The presence of sulfate ions in the brine can significantly lower the zeta434

potentials of calcite and dolomite surfaces toward negative values [9]∗, [46].435

Austad et al. devised their chemical mechanism based on their earlier studies of seawater in chalk436

cores [44]∗ and on the observation that no LSE is obtained in their anhydrite-free cores [43]∗. Their437

mechanism has been theoretically corroborated with density functional theory (DFT) simulations438

by Sánchez and Miranda, who have studied the adsorption of propionic acid (this compound mimics439

the acidic components of oil) on a calcite surface [48]∗. The DFT simulations show that substitution440

of calcium with magnesium on the calcite surface, which is one feature of the Austad et al. chemical441

mechanism, is thermodynamically favorable to release of the adsorbed acid. The simulations place442

a monolayer of water molecules on the calcite surface and employ a continuum solvent model with a443

dielectric constant, which may represent the aqueous brine film environment. Sánchez and Miranda444

show that increasing the dielectric constant of the brine, which is associated with decreasing the445

salinity, is favorable to the release of the acid (and therefore also oil) on Mg-substituted calcite.446

In a recent study, Al-Shalabi et al. use a geochemical/thermodynamic model to find that the447

observed wettability alteration in the experiments of Yousef et al. [10], [11]∗ is more strongly corre-448

lated with a change in surface charge from the pH increase as opposed to anhydrite dissolution [41]∗.449

They caution that this conclusion applies only to the specific system in their study, not necessarily450

to all carbonate systems. This agrees with our assertion in Section 2.6 that due to the complex451

nature of brine/oil/rock interactions, it is difficult to state generalizations that apply to all systems452

under all conditions. This difficulty is exemplified by the results of Zahid et al., who have obtained453

substantial tertiary-mode oil recovery in carbonate cores at 90 ◦C from diluted seawater injection,454

but no significant recovery in chalk cores [49]. Improved recovery is not observed in their chalk455

cores even though Ca/Mg substitution on the surface occurs. For the carbonate cores, their ex-456

perimental results reveal no evidence for either of the two mechanisms that we have focused on in457

this section. Their NMR results do not show a change in the surface charge, which suggests that458

DLE is not prominent in their cores. The cores are also anhydrite-free, so they cannot undergo the459

Austad et al. chemical mechanism. Instead Zahid et al. suggest dissolution of other minerals besides460

anhydrite, coupled with fines migration, as a possible explanation for the wettability alteration.461

4. Conclusions462

We have reviewed experimental and theoretical studies on mechanisms that affect the wetting463

behavior of thin brine films on the surfaces of oil reservoir rocks. These mechanisms have been464

used to explain how injection of low-salinity brine alters the wettability of the rocks towards a state465
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that is more optimal for oil recovery. Our review is divided into studies on sandstones and studies466

on carbonates. For both rock types, we have primarily focused on double-layer expansion. In this467

mechanism, injection of low-salinity brine expands the two electrical double layers in the film and468

increases the electrostatic repulsion between the film’s brine/oil and brine/rock interfaces. As a469

result, the film becomes thicker. We have also reviewed studies on three chemical mechanisms, two470

in sandstones and one in carbonates, that affect the attractive interactions (e.g., organometallic471

bridges, hydrogen bonding, acid/base interactions) between the thin brine film’s two interfaces. We472

have shown from multiple perspectives that double-layer expansion and the chemical mechanisms473

can play an important role in low-salinity waterflooding. They paint a clear qualitative picture of474

low-salinity wettability alteration. Yet, we have noted that they cannot explain all of the observed475

results. Despite over two decades of study, a complete and quantitative understanding of low-476

salinity waterflooding remains elusive. The underlying reason is because it involves many complex477

brine/oil/rock interactions manifested over a wide range of length scales. This inherent difficulty478

makes it very challenging to isolate certain effects and obtain consistent, repeatable results.479

We suggest the following studies be conducted in order to gain a more complete understand-480

ing of the physicochemical phenomena behind low-salinity waterflooding. First, more brine film481

thickness measurements are needed to better understand the effect of brine salinity, composition,482

pH, and temperature on double-layer expansion. The thickness measurements may be compared to483

zeta potential measurements, which are relatively more common in the literature. Only one study484

has measured film thicknesses on sandstones in the context of low-salinity waterflooding [14]∗∗.485

No thickness measurements on carbonates have been done. Molecular simulations, similar to those486

carried out in [48]∗, provide valuable information about the brine/oil/rock interactions at a funda-487

mental level. To the best of our knowledge, molecular simulations have not been directly applied488

to thin liquid films in low-salinity waterflooding, but they have been used to study the formation of489

thin liquid films on the surfaces of gas hydrates [50]∗. The simulations can compute the film thick-490

ness, the charge density along the film’s interfaces, and potentially also the disjoining pressure in491

the film. Furthermore, experimental variables that are difficult to control in real laboratory settings492

tend to be easier to control in simulations. The molecular simulations can be complemented with493

thermodynamic models [20]∗, [41]∗ that provide information about brine/oil/rock interactions at a494

more macroscopic level. Finally, other processes besides wettability alteration may also contribute495

to the improved oil recovery from low-salinity brine. One promising topic involves the viscoelastic-496

ity of the brine/oil interface. Recent studies have shown that this interface becomes more elastic as497

the salinity is reduced [51]. The increased elasticity hinders snap-off of the oil into small droplets498

dispersed in the brine. As a result, the oil phase is more continuous and mobile (easier to extract) in499

low-salinity waterflooding than in high-salinity waterflooding. Combining these suggested studies500

with the extensive work that has already been done will improve our understanding of low-salinity501

waterflooding and help unlock its potentially enormous benefits to society.502
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